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Production of wear debris has been linked to the failure of numerous hip implants. With the current
focus on increasing the implant longevity, thus wear and corrosion resistance is important. Hard
coatings have the potential to reduce the wear and corrosion. Diamond like Carbon (DLC) coatings
exhibit properties that could make them viable for implants. This paper critically reviews previously
published research into usage of DLC coatings for implants. Overall DLCs seem to be an effective coating
for implants but with the variance in results, further testing is required for clariﬁcation of use.
& 2012 Elsevier Ltd. All rights reserved.1. Introduction
With an increase in the number of implants inserted each year
(166,000 hip and knee replacement surgeries in England and
Wales in 2010, compared to 114,497 in 2009 and 109,825 in 2008
[1]), a decrease in the age that patients are considered for the
operation, and a population which is living longer; the need for
long lasting implants is becoming a larger concern. The current
average life span of 15 years for hip implants is not sufﬁcient in a
population that may require 30–40 years of service.
Metal on Metal (MoM) bearing surfaces (of joint replacements)
produce lower volumes of wear when compared to metal on
polymer (MoP) and Ceramic on Polymer (CoP) variants. However,
recent medical issues, such as pseudotumour formation [2] linked
with metallic debris generation and metal ion release have
resulted in MoM joint replacements gaining a negative reputation
amongst clinicians. This has favoured the uptake of MoP, CoP and
Ceramic on Ceramic (CoC) alternatives. These bearing pairings do
have their own risks. In young active individuals the high volume
of wear debris created from the polymer bearing surfaces can
cause adverse biological reactions, while for ceramic bearings
there is always a small risk of catastrophic fracture [3,4].
The purpose of this review is to evaluate the potential beneﬁt of
using diamond like carbon (DLC) coated metal components for
biological implants, particularly in total hip and total knee replace-
ment devices. DLC coatings offer a hard, wear resistant, inert and
low friction surface engineered solution to enhance implant per-
formance. The review takes a critical look at past research in thisll rights reserved.sector and highlights reported successes and failures (and the
reason behind both), to see where DLC coated metal components
need to be improved to make them more viable for use in the
human body. The review further considers relevant advances and
improvements in DLC coating composition and deposition methods
that might be exploited in the next generation of implants.
The mechanical loading and environment which joint replace-
ments are expected to endure are extremely harsh. Implant materials
may need to endure high contact pressures (particularly load bearing
implants, such as hip replacements), that are both cyclic and
unpredictable, while in a severely corrosive solution containing high
concentrations of ionic species, as well as organic and biological
molecules which are capable of forming complexes with metallic
species accelerating the corrosion [5]. In addition, wear debris can
cause adverse biological reactions in the body, the material may be
rejected by the immune system or the environment may have
undesirable effects on material properties. For this reason the
materials used in the body are restricted to a few corrosion resistant,
biocompatible choices; the most common of which are titanium
alloys, surgical grade austenitic stainless steels, cobalt chromium
molybdenum alloys, alumina based ceramics and polymers such as
ultra-high molecular weight polyethylene (UHMWPE).
At least three previous reviews have been published in the last
eleven years on the use of DLC coatings on biomedical implants.
Reviews by Dearnaley and Arps [6], Hauert [7] and Cui and Li [8]
all show promise in the use of a DLC coatings in in vitro testing. All
propose further testing, with Dearnaley and Arps [6] suggesting
the time for in vivo testing has arrived, whereas Hauert and Cui
and Li suggest further in vitro testing is needed due to variable
results. However all these reviews are at least 7 years out of date,
with this review aiming to update the study with papers that
have been published in the intervening years.
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Fig. 2. Graph of internal compressive stresses of DLC with different sp2 and sp3
ratios [10].
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2.1. Chemistry and structure
Diamond like Carbon (DLC) is the name given to the broad
range of amorphous carbon coatings, with differing ratios of sp2
and sp3 bonded carbon with differing levels of hydrogen. The ratio
of these three components can be varied to provide a range of
different properties. Coatings can have similar properties to
diamond, but with an amorphous matrix of sp3 nodules in a sp2
bonded matrix. Sp2 bonding, typical in graphite, involves a carbon
molecule with one double bond to another atom (typically a
second carbon atom) and two single bonds to another atom,
which leads to planar conﬁguration, whereas sp3 bonded carbon
atoms have three single bonds resulting a tetrahedral arrange-
ment. Coating names are often abbreviated to ta-C (tetrahedral
amorphous carbon) for coatings with very high (almost exclu-
sively) sp3 content, a-C (amorphous carbon) for coatings with
high sp3 content, between 40 and 80%, and a-C:H (amorphous
carbon—hydrogenated) for samples with a greater amount of
hydrogen, often coupled with an increase in sp2. A ternary phase
diagram for DLC formation showing relationship with respect to
sp2, sp3 and hydrogen content can be seen in Fig. 1 [9]. The
groupings are not deﬁnite and the label applied to coating can
depend on the author and manufacturer.
Tribological testing has shown that coatings with higher sp2
content (i.e. a-C:H) tend to have a lower coefﬁcient of friction in
dry conditions, but a higher wear rate than a coating with a high
sp3 content and low hydrogen content (i.e. ta-C) [9].
One of the largest obstacles to the use of DLC coatings is that high
level of internal stress are developed during the coating processing,
particularly those with high sp3/sp2 ratios; coatings with a 90% sp3
content have been reported to have internal compressive stresses
close to 10 GPa [10] (see Fig. 2), while coatings of a-C:H containing
high amounts of hydrogen and sp2 bonded carbon structures with
little to none sp3 structures typically have the lowest internal stress
(o1 GPa). Coatings with high internal stress (41 GPa) are prone to
delamination leading to catastrophic failure.
2.2. Production and deposition
A variety of methods are used to deposit DLC coatings, the most
common being variations on CVD (Chemical Vapour Deposition) andsp3
sp2 H 
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Fig. 1. Ternary phase diagram for DLC formation with respect to sp2, sp3 and
hydrogen content [9].PVD (Physical Vapour Deposition) [9,11,12]. However, all methods
need to be balanced as they can cause problems within the resultant
coating. Traditionally CVD processes typically take place at high
temperatures up to 800–900 1C, depending on material. Fortunately
most modern deposition can take place at much lower temperatures
(o0–4001 C [9]), allowing the coatings to be deposited more easily
and on a greater range of substrates. Previous work has shown that
DLCs have a temperature dependency in both service and deposition,
where the tribological properties start to degrade (higher friction,
more rapid wear) at elevated temperatures (4200 C˚) [13,14].
For hydrogenated coatings, a hydrocarbon(such as methane,
CH4)is used as the source material during deposition. For higher
levels of hydrogen content, shorter hydrocarbon chains with
greater ratios of carbon to hydrogen are used. Solid carbon
sources such as graphite or carbon–carbon composites are used
for coatings with low or no hydrogen. The ratio of sp2 and sp3
bonds is determined during coating synthesis by the impact
energy of the depositing molecules, which is dictated by the bias
voltage of the deposition [15]. At very low energies a non-DLC
carbon polymer forms. At mid-levels of energy there is less
hydrogen and sp3 structures are more common. At the high
energies (1 kV to 3 kV) graphite like sp2 structures are
prevalent due to an increase in unordered bonding [9].
In addition to CVD and PVD coating manufacture, other
processes can be used instead of, or during production, to change
properties. These include ion beam deposition [16], pulsed laser
ablation [17] and ion beam conversion [18]; each method can be
used to create desirable coating properties. For example ion beam
conversion can be used to dope DLC coatings with elements such
as sulphur, ﬂuorine or nitrogen that serve to reduce friction [19].
2.3. Interlayers
DLC coatings can suffer from high levels of residual stress
because of their structure. This can cause poor surface adhesion,
leading to early delamination in the coatings. One of the main
ways to combat the poor surface adhesion (due to high levels of
residual stresses) is by depositing interlayers. These are thin
coating layers of a material that will promote adhesion of the
DLC. The interlayer must bond strongly to both the substrate and
the DLC top layer (or a second interlayer). Common materials
used as interlayers include titanium (Ti), chromium carbide (CrC)
and silicon nitride (Si3N4).
The interlayer can also help improve the corrosion resistance,
as DLC coatings can be both porous and conducting, thus the
interlayer can offer a physical barrier between the substrate and
the corrosive environment the risk of delamination.
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Fig. 3. Graph showing the effect of Silver doping in DLC ﬁlms deposited on Si [31].
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Doping DLCs is another method of improving their DLC coating
properties. Common doping elements include silver (Ag), nitrogen
(N),ﬂuorine (F) and titanium (Ti). Most of these are beneﬁcial as they
reduce the residual stresses in the coating, without compromising the
wear and corrosion performances. Fig. 3 shows how silver can reduce
the residual stress of the coating, with only a slight reduction in the
hardness of the coating also reported. Titanium also reduces the
residual stress by reducing the amount of sp3 in the matrix, as well as
improvements in the bonding between the substrate and the coating,
further preventing delamination [20]. Titanium has also been shown
to inhibit the growth of osteoclasts and other bone resorbing cells,
improving the effectiveness of implants in situations where osseoin-
tegration is required [7].
XPS analysis of a silver doped DLC coating indicates this silver
exist within the carbon matrix, remaining in a metallic state,
without bonding to the carbon atoms. However the research
provides no information about the size and distribution of the
deposits in the matrix [21].
2.5. Past use in biological conditions
Ever since the development of DLC coatings their high wear and
corrosion resistance has driven research towards implementation in
the human body. Early testing indicated excellent tribo-corrosion
performance, low toxicity to the body, and healthy interactions with
the cells in the body, providing a safe growth surface. However, initial
in vivo testing showed signiﬁcant number of failures in the implants,
which will be discussed in detail in Section 4.1.
DLCs can be found in various biomedical applications such as
arterial stents, ophthalmic surgery needles, medical wires and contact
lenses [6]. These different applications utilise different coating
properties. For example, contact lenses have been used with DLC
coatings due to their ability to reject bioﬁlms formation. Ophthalmic
surgery needles use DLC coatings as they maintain the sharpness of
the needle, requiring less pressure to penetrate the tissues of the eye.3. DLC in the body
The reaction of the body to a foreign object is one of the most
important factors governing the success of an implant. Implantrejection will lead to failure and the need to remove the implant.
Any material inserted into the body will come into contact with
one or more body ﬂuids and within a matter of seconds become
coated in proteins. Due to the proteins’ different afﬁnities for the
surface and the nature of the physiological conditions, there will
be competitive adsorption between the different proteins. This
protein adsorption is crucial to the body’s response to the
material, as the type of proteins adsorbed to the surface and their
conformation will govern the cellular response to it. There is still
disagreement on how the properties of the DLC surface affect
protein adsorption, with some research suggesting hydrophilic
surfaces are better for bearing surfaces and others suggesting
hydrophobic surfaces are best [8,22–25].
DLC coatings have been investigated for use in biomedical
situations [6,26–32]. They have been shown to not only have
excellent bio- and hemo-compatibility, but the ability to tailor
their surface by doping and compositional variations to the role
they are required for has proven valuable. Cells have already been
grown successfully on DLCs, including macrophages, ﬁbroblasts
and other human tissues [6].
The biological effect of DLC wear debris has been tested by
growing bone marrow cells in presence of DLC ﬁlm fragments
(from a deliberately delaminated sample). No cellular damage
was recorded compared to the control samples [7], suggesting
they would make good implant coatings.
The double bonds in the carbon can also be beneﬁcial in the body
with evidence that they can be used to remove superoxide radicals
(O2
) that cause tissue damage including strokes and cancer [33].
These are naturally generated in the body when neutrophils and
immune cells attack pathogens in the body. The double bond (such as
those found in sp2) reacts with this reactive oxygen and removes it.
This effect has been shown using a modiﬁed buckminsterfullerene
(C60) molecule, but the research suggests that the same reaction
could be transferred to the DLC bond. This effect could be useful in
the implantation, as the time where the wound is new or open is the
most likely time for an external infection to occur, and this could help
limit any damage to the surrounding body from the immune systems
response, but would have no direct effect on preventing or curing the
infection. However, the effects of breaking the double bonds on the
material properties of the coating are not currently known.
3.1. Antibacterial effects of DLC and doped DLC
The national joint registry for England and Wales [1] states
that between 2006 and 2009, a total of 25,222 single and two
C.A. Love et al. / Tribology International 63 (2013) 141–150144stage hip revision surgeries were undertaken, with 7.5% (1891) of
these revisions being attributed to infection. Of these, 1353
(71.5%) were the more costly, difﬁcult and traumatic two stage
revisions. Therefore, a coating that could offer antibacterial
properties, reducing the risk of infection, is extremely desirable.
Marciano et al.[34] tested a DLC coated 316 L stainless steel
substrate, with a silicon interlayer, against a variety of different
bacterium (Escherichia coli ATCC 25922, Pseudomonas aerugi-
nosa ATCC 27853, Salmonella typhimurium ATCC 14028, and
Staphylococcus aureus ATCC 25923), to determine the natural
antibacterial properties. The results indicated that the undoped
DLC was harmful to bacteria (E coli and Salmonella) in direct
contact the surface. Also ﬁlms with low hydrogen content and
hydrophobic properties increased the rate of bactericidal activity.
It was suggested by the researchers that the carbon aggregates on
a nanoscale level causes physical damage to the outer membrane
of the bacteria cells, leading to cell death and the release of their
intracellular content. This, however, presents a potential problem,
as the same process could also damage the living tissue cells of
the host.
Earlier work by the same author (Marciano et al. [35]) used a
layered system, where a thin layer of a-C:H DLC was deposited,
followed by the application of a layer of silver nanoparticles. This
process was repeated 4–10 times to give a multilayer system and
showed promise in sterilisation tests reaching a 69% bactericidal
rate when exposed to E coli bacteria for 3 h, compared to a 0% rate
for stainless steel and 30% for pure a-C:H ﬁlm. The bactericidal
rate was calculated using Eq. (1)
Rateð%Þ ¼ ðBCÞ
B
 
 100 ð1Þ
where B is the mean number of bacteria on the control samples
and C the mean number on test samples surface. However, after a
test period of 24 h the bactericidal rate had fallen dramatically to
30% for silver-doped DLC, while the pure DLC increased to 38%
(Fig. 4),when compared to the control solution of Gentamicin (an
antibiotic) with a concentration of 10 mg/mL (bacteria-laden gel
was washed with solution), and an uncoated stainless steel
control sample. This suggests that silver added into the coating
is effective, but mostly only at shorter exposure periods [35].
After 24 h the steel sample showed a slight bactericidal activity,
suggesting that in long term tests there will likely be natural cell
death. For longer timeframes (e.g. over 24 h) it appears that an
undoped DLC coating is more effective, as the doped samples
performance is diminished due to the reduction of active surfaces.0
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Fig. 4. Graph to show effect of silver in DLC (316 L staThe study [35] mentions a drop in hardness from 19 GPa to
11–16 GPa, a drop that is consistent with silver inclusion into the
ﬁlm (Fig. 3), but speculates that the improvement in other
properties (lower residual stress)will counterbalance the reduc-
tion. However, as the paper does not look at the wear perfor-
mance of these doped coatings this cannot be conﬁrmed. Another
question left unanswered is whether when the sample wears
would more silver nanoparticles be released, increasing the level
of anti-bacterial effectiveness? Also would the levels of wear
needed for nano-particle’s release make this a viable option?
Silver is known as an antibacterial agent [28,29]. Nanoparticles
of silver are being phased in as a potential alternative to standard
antibacterial treatments, as they offer the possibility of bacterial
immunity, without the risk of increasing the bacteria’s resistance
to conventional medication. However, the reasons for its’ anti-
bacterial resistance and growth inhibition are not very well
understood. The most common theory is that the generation of
silver ions attack the membrane lipids, causing a breakdown in
membrane functions [36]. The cells (of the bacteria) become less
permeable and the bacteria die. This has been conﬁrmed by ESR
spectra imaging (Electron Scanning Resonance) [29].However
some of the by-products of the process of lipid breakdown can
be potentially mutagenic and carcinogenic [37]. Since this process
occurs in the body naturally with the oxidation of polyunsatu-
rated fatty acids, it can be assumed to be relatively safe to human
health on such a small scale, however, long term toxicity needs to
be addressed.
Other research [28]also suggests that the silver cations causes
some form of damage to DNA, preventing replication and denaturing
cellular proteins. TEM (Transmission Electron Microscopy) studies
[28] showed that the bacteria absorbed silver nanoparticles into their
membranes, while other cells leaked intracellular substances. Evi-
dence that the nanoparticles coagulate on the surface of the E coli
bacteria has also been observed. However, the antibacterial effect was
limited; it works best on solid nanoparticle deposition on bacteria
cultures. When suspended in a liquid medium they merely delay the
onset of bacteria growth, even at high concentrations, which is visible
in TEM analysis. Nanoparticles coagulate around dead cells and do
not move on to react with new bacterium[28]. Sondi and Salopek-
Sondi [28] observed that despite high initial silver concentrations the
concentration reduces as time passes, indicating that silver particles
in suspension cannot provide long lasting resistance, but that they
can provide protection against early infection.
Another investigation [30] showed that silver doped ta-C DLC
on a titanium substrate is more effective as an antibacterial agentDLC/Ag Layered Antibacterial Control
(Gentamicin)
inless steel substrate) on bactericidal levels [35].
C.A. Love et al. / Tribology International 63 (2013) 141–150 145than a undoped ta-C DLC coating, or the bare substrate. However
no value for the silver dopant level was provided for the antibacterial
tests. Over a 24 h period the silver doped sample reduced bacteria
density down to 1.07106 mm2compared to the uncoated
remained at 2.58106 mm2. Although this shows comparative
improvement compared to the uncoated sample, the paper does not
state the initial density, for a reduction rate to be possible, although
the imaging of the surface gives a visual conﬁrmation that the
difference between the 2 samples is signiﬁcant. Another set of
samples (with 3.5% and 6.5% silver dopants in DLC) were tested with
glioma cells, which are related to tumour formation, from a rat. Over a
period of 5 days the DLC with a 6.5 at% of silver doping produced a
higher rate of cell death (66.7%) compared to the uncoated Ti (33.2%)
and undoped DLC (39.9%). It is unknown if this can be related to anti-
bacterial applications, but also showed the potential toxicity of silver
in the body as the cells tested where naturally occurring biological
cells not bacterium [30].4. DLC testing for its use as an implant coating
The next sections will look at the tribological performance of
DLC coatings for joint replacement applications, ranging from
fundamental in vitro testing through to in vivo performance.
4.1. Explant study
There are a limited number of detailed studies on DLC coated
implants and explants. However, Taeger et al. [38] compared the
performance of a DLC coated Titanium alloy (Ti–6Al–4V) head with
Al2O3 ceramic heads, both wearing against a UHMWPE cup. 202
patients were submitted to the trial, with 101 having an implant with
a coating and 101 having ceramic head. The surgeries were carried
out in April 1993–January 1995. After an average of 9 years (8.5–10.1
years) 178 of the samples were retrieved. Of the remaining patients,
10 (5 of each coating) were unavailable for follow-up and a further 14
patients (9 DLC and 5 Al2O3) had unfortunately died during the timeTable 1
Table of reasons for implant revisions.
Reason for revision DLC coated Ti–6Al–4V Uncoated Al2O3
Total (of total 178 follow-ups) 46 (25.8%) 21 (11.8%)
Aseptic Loosening 41 10
Ossiﬁcations 1 6
Dislocations 0 3
Pain 2 2
Infection 1 0
Implant Failure 1 0
Fig. 5. Retrieved DLC coated acetabular heads, showing pittingperiod. One of these deaths (in a DLC patient) was linked to early
infection in the wound (no further information provided), but the
other 13 were unrelated to the hip replacement. In 9 years since
implantation 67 patients had required revisions, the reasons for
which are detailed in Table 1. More of the DLC coatings required
revisions than the ceramic heads, with 4 times more failures caused
by aseptic loosening (41 compared to 10). The average time before
revision for the DLC cups was very similar to the alumina; 3.9 years
(ranging between 0.2 and 9.2 years) and 4.1 years (0.4–8.7 years) for
the DLC and alumina respectively. However the DLC had no failures
due to aseptic loosening in the ﬁrst year and half, unlike the ceramic
heads, which ﬁrst showed aseptic failure after 9 months
The retrieved DLC samples all showed visible pitting as shown in
Fig. 5 SEM analysis showed that the pitting was localised delamina-
tion of the DLC. This delamination is thought by Taeger et al. to be the
major cause of failure through aseptic loosening of the implants, as
the loose DLC material triggers an adverse reaction.
It was noted that the DLC coating in this study was deposited
directly onto the Ti–6Al–4V substrate without the use of an
interlayer. With new advances in deposition methods and inter-
layer usage it would be expected that coating performance should
improve signiﬁcantly. Taeger et al. [38] paper concluded that
although the DLC has excellent properties and shows excellent
promise, the differences between the in vitro testing methods and
conditions, from those experienced in vivo, were major contribut-
ing factors to the resultant implant performance. Therefore
although in vitro tests are not as accurate they are still important,
but the reasons for the difference between in vivo and in vitro
need to be explored
4.2. Pin on disc testing
Pin on disc testing as a group is the most common testing
method published in literature. Although it can provide a good
base of knowledge of the properties and basic tribological
performance, they are of limited use for assessing implant coat-
ings. Data gleaned from these tests provides only limited insight
into probable application behaviour. Table 2 displays an overview
of the pin on disc testing conditions used and the overall results.
There is a signiﬁcant amount of variance in test results, which
could be the result of inconsistent testing conditions and materials.
Out of 14 reports [4,27,39–50] there appeared to be no standardisa-
tion between choice of testing conditions and counter surface.
Only 2 of the tests used similar loading [46,47], but without the
relevant information it is hard to compare this to the papers that
only present the maximum contact pressure. This variance is
continued through the number of cycles tested with some papers
testing under as few as 3600 cycles (90 m) [45], some testing over a
million cycles (44 and 100 km) [46,48], again with no commonality, detached coating and underlying CoCrMo substrate [38].
Table 2
Review of published Unidirectional pin-on-disc results.
Pin on Disk
Source Disc material Pin
material
Load Maximum contact
pressure
Speed Cycles and/or
sliding distance
Lubrication Pin wear
Lappalainen
et al., 1998
DLC on CoCrMo, steel (AISI316L),
Steel (AISI420), Ti–6Al–4V
Al2O3 617 N 0.068 m/
s
50% humid
air
UHWMPE 24 and 145 MPa 0.045 m/
s
50,000 1% NaCl Improved Wear
resistance 30–600
times
Shiet al.,
2003
Stainless steel 440C 440C steel 50 N 0.05 m/s 3600 (90 m) Bovine
serum
1.55106 mm3
Al2O3 3.79106 mm3
ZrO2 3.24106 mm3
DLC
coated
440C
3.4104 mm3
Xu and Pruitt,
1999
Uncoated CoCrMo UHWMPE 9.79 30 MPa (max)
6-7 MPa (steady state)
0.044 m/
s
1 million, 44 km Distilled
water
2.22107 mm3 Nm1
2 layer DLC 1.13107 mm3 Nm1
3 layer DLC 1.3107 mm3 Nm1
5 layer DLC 0.62107 mm3 Nm1
Sheeja et al.,
2001
Uncoated CoCrMo UHWMPE 10 N 0.06 m/s 30,000 1.507 km Simulated
body ﬂuid
4.97107 mm3 Nm1
DLC coated CoCrMo 5.31107 mm3 Nm1
Uncoated CoCrMo 120,000 6.031 km 1.65107 mm3 Nm1
DLC coated CoCrMo 2.02107 mm3 Nm1
Dong et al.,
1999
Uncoated Ti UHWMPE 5 MPa 0.25 m/s 100 km Distilled
water
3.77xo16 mm3 Nm1
DLC 8.88108 mm3 Nm1
OD (oxygen diffusion) 4.18108 mm3 Nm1
Ion implant 2.86108 mm3 Nm1
TO (thermal oxidation) 1.15108 mm3 Nm1
C.A. Love et al. / Tribology International 63 (2013) 141–150146between tests. The speeds are mainly similar, all around 0.05ms1,
with the exception of Dong et al. [48], who used amuch higher speed.
The variance is redisplayed in the overall performance of the
samples, with Lappalainen et al. [44] displaying an ability to
improve pin wear resistance by a factor of up to 600, while Sheeja
et al. [47] only found a reduction by a factor of 4. Two papers both
show a 40 times reduction in wear, showing the only common
value for wear, however as one paper presents the data as wear
volume, the other as wear rate it is hard to compare the results to
each other. The largest reduction value (the factor of 600) has no
clear reason for the large variance, as it is neither the shortest of
longest test, nor is it the highest or lowest load. The only
signiﬁcant difference is that it is the only test using NaCl solution,
which although it can provide the corrosive environment of a true
in vitro test it provides none of the biological activity, such as
protein adsorbtion onto the surface. However, it seems unlikely
that this could cause such a signiﬁcant difference in results.
One clear problem with these results is that the papers only
comment on the wear of the pin itself, which is only the coated
surface in one of the tests. Therefore although the effect of a
coated surface on the polymer is well documented there are no
quantative values for the wear of the DLC coated disc sample. By
ignoring one half of the tribological system the data is less than
useful for real application use as reducing any wear debris is
crucial from both contacts.4.3. Hip simulator testing
Multi-station hip simulator testing rigs can produce more
realistic conditions experienced by an implant (compared to other
laboratory test rigs), such as multidirectional movement andloading. Table 3 shows a summary of the results from the hip
simulator testing of DLC coated implants.
Hip simulator testing also shows variance in testing condi-
tions, but not to as large a degree as the pin on disk tests. This is
to be expected as simulator testing is standardised. However,
there is still large variation in the testing ﬂuid and materials.
Tiainen, Lappalainen et al. and Fisher et al. all used DLC coated
CoCrMo against another coated surface using similar loading, but
over different testing times (Tiainen and Fisher et al. tested for
2 million cycles, whereas Lappalainen et al. tested for longer, with
15 million cycles). They also all tested in a pseudo-physiological
solution, although Tiainen’s was a 1% NaCl solution compared to
the dilute bovine serum used by the other two. The results
showed similarities, with all 3 tests showing a reduction in wear
compared to uncoated tests, however to different levels.
Tiainen [27] showed a reduction in wear by a factor of 105–106,
Lappalainen et al. [39] only showing a reduction of 102–104 and
Fisher et al. [42] only showing a wear rate reduction of 26.The
only notable differences between these tests is that Fisher et al.
tested the DLC coating against a different hard coating (CrN) not a
2nd DLC surface and a slightly different testing rig
Papers that use DLC on UHMWPE(Saikko et al. [43], Affatato
et al. [41] and Dowling et al. [40]) use similar testing periods and
testing solutions. However, Affatato et al. [41] used double the test
load that Saikko et al. [43] employed. So although the results are
similar (Affatato et al. showing DLC to offer a very slight improve-
ment, Saikko et al. showing it is virtually the same, if a little worse
than using an uncoated sample) they are difﬁcult to compare due to
such a simple difference in test conditions. The other testing using
UHMWPE were performed by Dowling et al. [40].The study used a
similar testing period, but a different testing solution (distilled
water) with no information on the loading provided, making its’
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to compare to that of the other two tests.
Overall hip simulator testing seems to be positive with DLC
showing an improvement compared to uncoated samples in all
tests. However, the margin of improvements varies wildly
between tests (likely due to the broad range of test conditions),
and in some papers is not as good as the improvements offered by
other hard coatings.
4.4. Other bio-tribology experimentation
In addition to the most common testing methods of pin on disc
and hip simulators, some research uses alternative testing
methods.
Thorwarth et al. [49] used a spine disk simulator and com-
pared a DLC (a-C:H) with various surface ﬁnishes against another
DLC coated surface and compared them to uncoated CoCrMo
coupling of similar surface roughness, at a high loading of 1200 N
in bovine serum. Although for hips this is not high, it is for a spine
disk. The uncoated CoCrMo started with low wear, but this
increased signiﬁcantly after 7 million cycles. By contrast a DLC
with a thicker (16 mm), rougher surface had a similar wear
performance as an uncoated sample until 7 million cycles, and
then it remained lower. However, the lowest wear rate resulted
from the samples coated with thin (4 mm), smooth DLC, which
remained low for the entire test, with a volume loss of less than
0.1 mm3 after 20 million cycles, compared to 0.6 mm3 for theTable 3
Review of published hip simulator test results.
Hip simulator
Source Material Material Load Fr
Tiainen, 2001 DLC on stainless
steel (AISI316L)
DLC on stainless
steel (AISI316L)
500 kg 1
Lappalainen
et al., 2002
CoCrMo UHMWPE 3000 N (Paul Gait
Curve)
1
10
CoCrMo CoCrMo
DLC on stainless
steel (AISI316L)
DLC on stainless
steel (AISI316L)
Dowling et al.,
1997
Stainless Steel UHMWPE
Zirconia
DLC on stainless
steel
Affatato et al.,
2000
Steel AISI316L UHMWPE 2030 N sinusoidal
load
1
CoCrMo
Alumina
DLC on Ti Alloy
Fisher et al.,
2002
CoCrMo CoCrMo 3000 N Max (Paul
Gait Curve)
1
TiN on CoCrMo
CrN on CoCrMo
CrCN on CoCrMo
DLC on CoCrMo
Fisher et al.,
2004
CoCrMo CoCrMo 1
TiN on CoCrMo TiN on CoCrMo
CrN on CoCrMo CrN on CoCrMo
CrCN on CoCrMo CrCN on CoCrMo
CrN on CoCrMo TiN on CoCrMo
DLC on CoCrMo CrN on CoCrMo
Saikkoet al.,
2001
CoCrMo UHMWPE 1000 N sinusoidal
load
1
Alumina
DLC on CoCrMothicker DLC, and 1.1 mm3 for the uncoated CoCrMo. As the paper
doesn’t mention the contact pressure it is hard to compare this to
other testing rigs due to the difference in geometry and loading.
On˜ate et al. [50] used a knee simulator with medium load
(500 N) and tested in body temperature distilled water. This
loading is considered medium for the role of the implant. The
DLC coating (type not mentioned) on CoCrMo was tested in a
rolling, sliding motion against a UHMPWE plate. It showed a 4–5
times reduction in wear on the UHMPWE, when compared to an
uncoated CoCrMo sample. Also tested were other hard coatings
on the alloy. The TiN coating increased the wear on the polymer
counter surface by a factor of 5 when compared to the uncoated
sample. Using a ceramic Al2O3surface against the polymer
showed less wear than the uncoated CoCrMo alloy, but higher
than the DLC coating. Only Nþ ion implantation on the CoCrMo
produced slightly better results than the DLC coated surface
(0.130 mg of UHMWPE wear compared to 0.150 mg for DLC and
0.690 mg for uncoated).
Although both of these papers are researching different appli-
cations they are still for load bearing biological applications
meaning they can show the success of the coating.
4.5. Suggested reasons for coating failure in in vitro testing
Affatoto et al. [41] suggested that the poor performance of the
DLC ﬁlms in general is due to their adhesion on the substrate as
no interlayer was used. Ti and Co alloys are both poor at formingequency Cycles Lubrication Wear
Hz 2 million 1 wt% NaCl
solution
105–106 reduction
compared to CoCrMo
Hz (Rotation reversed
00 cycles)
15 million Diluted bovine
serum EDTA
50–100 mm3/year
1–5 mm3/year
o104 mm3/year
6 million Distilled water 72 mm3
15 mm3 (Ended at
5 million)
4 mm3
Hz 5 million Diluted bovine
serum EDTA
177 mg
167 mg
134 mg
127 mg
Hz 2 million 25% diluted
bovine serum
2.5 mm3
2.7 mm3
0.45 mm3
0.35 mm3
0.2 mm3
Hz 2 million 25% diluted
bovine serum
1.05 mm3/106 cycles
0.08 mm3/106 cycles
0.07 mm3/106 cycles
0.06 mm3/106 cycles
0.05 mm3/106 cycles
0.04 mm3/106 cycles
Hz 3 million 50% diluted
bovine serum
1.76106 mm3/Nm
1.51106 mm3/Nm
1.8106 mm3/Nm
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to the ﬁlm and weaken the interface between the coating and
surface. A carbide layer of Al, Fe, Ti, Si, Mo and Ge can help
improve this interaction. Delamination is a common failure
mechanism observed in testing, and conforms with the main
known drawbacks of DLC, i.e lack of surface adhesion. The high
internal stresses are known to cause early delamination, which
increases wear rates and failure to protect the substrate from the
corrosive environment. Indeed this has been identiﬁed as the
main cause for implant failure in the explant study by Taeger
et al., as observed in Fig. 5 [38]. Fracture and cracking was noted
along the wear scars by Fisher et al. [42], shown in Fig. 6,
suggesting early delamination in the coating around the contact
points. However, the paper does not mention whether an inter-
layer was used, which probably means one was not applied. Xu
and Pruitt [46] also noted delamination in the samples (Fig. 7).
Again no interlayer was used, instead a softer layer of DLC was
deposited under a harder DLC coating to create a gradiated layer
system design.
Any tribo-corrosion tests performed consisted of static corro-
sion testing, with no testing under loaded conditions being
reported. Therefore corrosion induced delamination cannot be
ruled out, making future in-situ electrochemical measurements
that can potential detect delamination in progress useful.Fig. 7. Delamination observed on DLC sample on Ti–6Al–4V substrate after
1 million cycles in distilled water [46].4.6. Suggested reasons for failure in implants, not related to coating
Dong et al. [48] observed that in the uncoated titanium alloy
samples, small pieces of worn oxidised titanium from the surface
of the disc embedded in the UHMWPE counter-face and acted as
an abrasive agent on the surface. This did not occur on the DLC
coated samples, but it was noted under SEM that UHMPWE had
detached from the counter-surface and became embedded in pits
on the DLC surface. The transferred UHMWPE was found to have
smeared across the DLC surface causing adhesive wear of the
UHMWPE counter-face, likely increasing the coefﬁcient of
friction.
Sheeja et al. [47] suggested that harder surfaces should wear
the softer ones. For instance in a DLC vs. UHMWPE contact, the
higher hardness of the DLC will lead to the UHMWPE wearing
more. This poses a potential problem for DLC’s, as although they
can vastly reduce their own wear, the increase in hardness (up to
5 times compared to uncoated CoCrMo) could vastly increase
wear in the counter-face, due to the difference in hardness valuesFig. 6. Cracking of DLC coated insert worn against CrN coated CoCrMo [42].between the coated surface and the counter-surface and the
corresponding increase in abrasion.
As evidenced by the wear rates and sliding life, the carbon–
carbon interaction between the transfer layer on the counter
surface and the original coated surface created adhesion between
the surfaces. This might not be a problem in vivo as the transfer
layer has been shown to not form in the body, either due to the
natural bio ﬁlm on the surface forming faster, or the constant
motion in a ﬂuid preventing it from attaching for long. This is why
validation of in vitro results with those from explants is
important.
The importance of surface roughness was investigated, and it
was shown that the rougher surfaces promote earlier failure of the
coating, with a critical surface roughness for the coating of
0.035 mm. This is caused by rougher surfaces having more aspe-
rities, resulting in a smaller contact area between the surfaces,
increasing the contact stress and abrasion, and by smoother
surfaces having more surface in contact, increasing the adhesion
to the substrate.
Xu and Pruitt [46] showed that the polymer used against the
DLC (multilayer, both a:C-H and a:C) was burnished and showed
signs of ﬁbrillation (Fig. 8). However the extent of this damage
was reduced compared to uncoated surfaces. It was also reportedFig. 8. SEM image of torn ﬁbrils in UHMWPE after 11 km sliding against DLC in
distilled water [46].
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the wear of UHMWPE surface. The multilayer coating used in this
study (different layers of DLC of alternating types on top of one
another)reduced the residual stress and improved the coatings
adhesion to the surface. However, the softer outer layer increased
the surface interaction and friction, meaning it was less effective
as a coating, but a separate coating system with more layers, but
still a soft coating on top, decreased the wear in the polymer.5. Potential reasons for differing results
As the previous sections have noted there is a disagreement
amongst previous work as to the usefulness of DLC coatings for
implants.
There are several potential reasons for these disagreements. There appears to be little consistency amongst testing meth-
ods and conditions—though most testing contains 1 or 2 com-
mon elements (such as UHMPWE as the counter surface) there
is a large range in loading conditions, environment and
materials combinations used. There also appears to be little information on the DLC coating
system and deposition related parameters. A number of papers
do not state the type of DLC used [4,40–43,46–48], while those
that do state they are using ta-C or a-C:H, they fail to mention
the composition ratio. While the manufacturing method and
the source material enable an estimation of the composition,
without knowing the exact conditions during the deposition, it
remains little more than a guess. The presence or lack of an
interlayer, is often not mentioned and these layers can make a
large difference in the performance of the sample, particularly
in its survivability, resistance to wear, deformation and corro-
sion control. Finally the thickness of interlayers and coatings
are also often excluded, which again play a signiﬁcant role in
the coatings performance. Saikko et al. [43] noted that different serums can cause different
results, due to the different types of biological interactions that
occur and the severity of these interactions in the ﬂuid. In
addition to this, some serum tests use additives like EDTA to
prevent the serum clotting, this can change the chemistry of the
serum and the interactions of the proteins on the surface,
affecting the overall performance. Some tests use NaCl solutions
that can reﬂect the corrosive environment, but have none of the
biological activity that could have a large effect on results.
The long term performance of new DLC coatings and interlayer
combinations both in vivo and in vitro need to be determined.
Previous research has suggested early delamination based fail-
ures, and this indeed occurred in large numbers of implanted DLC
coated hip joints in the past [7]. Testing by Lappalainen et al. [39],
and to a lesser extent Dowling et al. [40] and On˜ate et al. [50]
tested over 15 million, 6 million and 5 million cycles on joint
simulators respectively(Lappalainen estimated 1 million cycles to
be equivalent to 1 year in use). These long term tests showed
good results in wear reduction and life of the coating. Many of
these failures may have been prevented by the use of interlayers,
increasing the adhesion to the surface and reducing the residual
stress in the coating. More modern coatings use gradiated coat-
ings, with different levels of sp2 and sp3 in layers in the coating,
and interlayers of other elements between the substrate and
coating (such as Cu, Si3N4, Cr and CrN) [13,51,52] to attempt to
diminish these issues.
However, the results to date are conﬂicting, both Lappalainen
[39,44] and On˜ate [50] mention the use of an interlayer, but
provide no information about what type. Dowling [40] speciﬁcallymentions no interlayer being used, but gets a better wear
reduction, over a longer testing period than those of On˜ate.
However, the advancements in deposition over time (more
complex interlayers etc) do not explain the differences in results in
some of the other testing. Some of the earliest tests (Dowling [40]and
Lapalainen et al. [44]) provide some of the most positive results
compared to the later tests (Fisher et al. [42]). However, as Fisher
does not mention the coating used, or any interlayers it could be
possible that none were used, which could show that the advance-
ments in coatings are improving the performance of the coating.
One of the most common suggestions for failure is that wear
debris can act as an abrasive in the contact, localising stress which
can cause plastic yielding in the surface under the thin coating. As
the explant study (Taeger et al. [38]) also suggests that the wear
debris is the likely cause of premature biological failure, the main
aim for improvement in the coatings is to make them more
resistant to wear (resulting in less debris) or to make the debris
less harmful to the body.
The relevancy of the in vitro tests compared to that of an
in vivo test is difﬁcult, as no true in vitro test can mirror the
conditions of the body accurately. Factors like micro-seperation
(small separation between the cup and ball in the implant),
transient contacts (spikes of load that can occur on changing
activity) and an unpredictable walking loading cycle in a real
implant are not predictable in a simulator, nor is the body’s
natural reaction to it. However a hip simulator is currently the
most accurate testing that can be done outside of the body.
5.1. Further work
It is clear that DLC’s could be a viable candidate for coating
onto implants. However, further work needs to be done on them
before they can be put forward for use again.
Firstly the data needs to be repeatable. With many different
tests, using such a wide range of testing conditions and coatings
giving as much variance in the results as they are, tests need to be
repeated to derive the accurate performance of the coating.
Future testing must use a purpose designed coating in a variety
of different testing conditions, or use a constant regulated test on
a variety of coatings.
No papers have evaluated the tribo-corrosion performance of
the samples during wear testing, on either a pin on disc or a hip
simulator, which would need to be done to accurately inform on
how the samples react in the body.6. Conclusions
The following conclusions are based upon a review of the
published open literature on diamond like carbon (DLC) coated
biomedical grade metals:1. Findings from clinical and laboratory based tests on the
suitability of DLC coating materials for joint replacement
bearing surfaces remains inconclusive. Some results indicate
DLC coated materials to be promising whilst others suggest
they are unsuitable.2. Of the positive results, hip joint simulator tests have indicated
that the wear volume of UHMWPE acatabular cups is reduced
(up to 14 times) when the opposing metallic femoral head is
coated with DLC coating materials based on ta-C (tetrahedral
carbon). Such beneﬁt is greatest when conducting tests in
bovine serum solutions.3. Interlayers provide beneﬁts to the performance of the coatings
in both pin on disc and hip simulator testing, when contrasted
to a DLC system without an interlayer.
C.A. Love et al. / Tribology International 63 (2013) 141–1501504. More standardised testing would be required for comparisons
and conclusions to be more practical. In addition full disclo-
sure on all conditions (DLC composition, interlayer, testing
loading etc) would be required in future to allow comparable
results.
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